The canonical wingless-type MMTV integration site (WNT)-β-catenin pathway is essential for self-renewal, growth and survival of acute myeloid leukemia (AML) stem/blast progenitor cells (BPCs). Deregulated WNT signaling inhibits degradation of β-catenin, causing increased nuclear translocation and co-factor activity of β-catenin with the transcriptional regulator T-cell factor (TCF) 4/ lymphoid enhancer factor 1 in AML BPCs. Here, we determined the pre-clinical anti-AML activity of the anthraquinone oximeanalog BC2059 (BC), known to attenuate β-catenin levels. BC treatment disrupted the binding of β-catenin with the scaffold protein transducin β-like 1 and proteasomal degradation and decline in the nuclear levels of β-catenin. This was associated with reduced transcriptional activity of TCF4 and expression of its target genes, cyclin D1, c-MYC and survivin. BC treatment dose-dependently induced apoptosis of cultured and primary AML BPCs. Treatment with BC also significantly improved the median survival of immune-depleted mice engrafted with either cultured or primary AML BPCs, exhibiting nuclear expression of β-catenin. Cotreatment with the pan-histone deacetylase inhibitor panobinostat and BC synergistically induced apoptosis of cultured and primary AML BPCs, including those expressing FLT3-ITD, as well as further significantly improved the survival of immune-depleted mice engrafted with primary AML BPCs. These findings underscore the promising pre-clinical activity and warrant further testing of BC against human AML, especially those expressing FLT3-ITD.
INTRODUCTION β-catenin acts as a co-activator for the T-cell factor (TCF) 4/lymphoid enhancer factor (LEF) 1 bipartite transcription factor at the promoters of the wingless-type MMTV integration site (WNT)-β-catenin target genes and is implicated in cancer transformation. 1 Deregulated canonical WNT-β-catenin pathway has also been documented to be essential for self-renewal, growth and survival of the acute myeloid leukemia (AML) stem and blast progenitor cells (BPCs). [2] [3] [4] [5] β-catenin is also required for the HOXA9-and MEIS1-mediated transformation of the hematopoietic stem cells, mixed-lineage leukemia-AF9-mediated transformation of the committed myeloid progenitor cells, as well as necessary for the development and growth of mixed-lineage leukemia fusion protein-transformed leukemia stem cells. [2] [3] [4] [5] Cell intrinsic WNT-βcatenin activation in human AML stem cells makes them independent of the leukemia niche-derived WNT signals. 4 Consistent with this, aberrant expression of LEF1 in hematopoietic stem cells has also been shown to induce AML, with promiscuous expression of the myeloid and lymphoid factors. 5 As ligands, the binding of WNT proteins induces conformational change in the seven transmembrane domain receptor Frizzled with its coreceptor low-density lipoprotein receptor-related protein 5/6 (ref. 1, 6) . This is followed by the phosphorylation of the cytoplasmic tail of LRP6 by glycogen synthase kinase β (GSK3β) and CK1γ (Casein Kinase 1 γ), which promotes the binding of LRP6 to Axin, and of Frizzled to Dishevelled protein. 1, 6 In the absence of Wnt signaling, the levels of β-catenin are kept low through its degradation.
Whereas CK1γ phosphorylates β-catenin on Ser45, GSK3β further phosphorylates β-catenin on Ser33, Ser37 and Thr41, creating a phospho-degron leading to polyubiquitylation and degradation by the 26S proteasome. 1, 6 This occurs when the enzymes CK1γ and GSK3β along with β-catenin are bound to the SCF (Skp, Cullin and F-Box) containing cytoplasmic destruction complex, which includes the scaffolding proteins adenomatous polyposis coli, Axin and transducin β-like 1 (TBL1), as well as Siah-1, SIP (Siah-1 interacting protein) and Skp1 (ref. . Lack of CK1γ-and GSK3β-mediated phosphorylation stabilizes β-catenin in its hypo-phosphorylated form. This allows β-catenin to translocate to the nucleus even though it lacks a nuclear localization signal; although in a recent report, Forkhead box protein M1 was shown to promote the nuclear localization of β-catenin. 1, 8, 11 As a member of the ARM (Armadillo repeat) protein family, β-catenin contains central, 12 imperfect ARM repeats R1-R12), as well as distinct N-terminal and carboxy-terminal domains. 12, 13 Whereas the central ARM repeats (core TCF4 interaction region) are essential for β-catenin to act as a transcriptional co-regulator with TCF4 through WNT response elements in the target gene promoters, the distinct N-terminal and carboxy-terminal recruit the other partner proteins involved in chromatin structure and RNA polymerase II regulation. [12] [13] [14] Thus, in the nucleus of AML stem/BPCs, the β-catenin-TCF4/LEF1 complex increases expression of the pro-growth and pro-survival genes, including cyclin D1, c-MYC and survivin, whereas decreases Axin 2 levels. 1, 3, 5 In AML stem/BPCs, multiple mechanisms are known to deregulate WNT signaling. Owing to inhibition of the phosphorylation of β-catenin by GSK3β, the polyubiquitylation and proteasomal degradation of β-catenin is often abrogated in the AML BPCs. 1, [16] [17] [18] [19] This enables the preservation, nuclear translocation and transcriptional activity of β-catenin. In FLT3-ITDexpressing AML stem/BPCs and in chronic myeloid leukemia blast crisis myeloid progenitor cells, deregulated Wnt-β-catenin signaling also leads to high nuclear expression of β-catenin, which has been correlated with a poor prognosis in both settings. 17, 20 In addition, FLT3 and BCR-ABL have also been documented to directly induce the tyrosine phosphorylation of β-catenin, which was shown to stabilize β-catenin, promote its nuclear localization and binding to TCF4 (ref. 18, 21) . Furthermore, FLT3-ITD signaling is also associated with increased PI3K/AKT activity, which phosphorylates and inactivates GSK3β, thereby stabilizing and increasing the nuclear localization and transcriptional activity of β-catenin. 1, [22] [23] [24] Overexpression of γ-catenin was also shown to stabilize and increase the nuclear localization of β-catenin. 19 Deregulation of WNT-β-catenin signaling in AML may also occur through promoter hyper-methylation and silencing of the secreted WNT antagonists, such as the sFRPs and DKK1&3 (ref. 16 ). This has been correlated with a significantly lower relapse-free survival. 16 Although inhibition of the deregulated WNT-β-catenin signaling at any level could potentially inhibit the growth and survival of AML BPCs, owing to the several mechanisms involved and the possibility of the escape routes to a persistent β-catenin/TCF4regualted transcription, the direct abrogation of β-catenin and/or disruption of the β-catenin/TCF4 target gene expressions is likely to be more effective against AML BPCs. 1,25-29 TBL1 is an adaptor protein, which binds to, and is required for β-catenin transcriptional activity, thereby promoting the survival and self-renewing potential of the AML stem/BPCs. 30 Whereas TBL1 blocks the E3 ubiquitin ligase Siah-1-mediated degradation of β-catenin in the cytoplasm, 10 in the nucleus TBL1 reversibly binds to the co-repressor NCOR/SMRT, and through it with histone deacetylase 3 (HDAC3), thereby regulating gene repression. [31] [32] [33] Upon nuclear localization and binding to β-catenin, TBL1 exchanges the NCOR/ SMRT co-repressor complex with β-catenin, thereby promoting TCF/LEF-mediated transcription of the target genes cyclin D1, c-MYC and survivin. [30] [31] [32] [33] [34] Consistent with this, depletion of TBL1 was shown to inhibit the in vitro and in vivo oncogenic potential of WNT-β-catenin signaling. 32 WNT signaling has also been shown to induce the sumoylation of TBL1. 31 This causes co-regulator switching, whereby TBL1-bound co-repressors are removed and cleared, leading to increased TBL1 binding to β-catenin that promotes the transcriptional activation of β-catenin/TCF4-targeted genes. 31 Conversely, the disruption of TBL1-β-catenin binding is sufficient to abrogate the pro-growth and oncogenic signaling of β-catenin. 30, 31 Taken together, these findings support the rationale for determining the effects of targeted disruption of TBL1-βcatenin interaction in AML BPCs, especially those expressing FLT3-ITD. In the present studies, we have determined that BC2059, a small molecule, anthraquinone oxime-analog, disrupts the binding of β-catenin to TBL1 and promotes β-catenin degradation, thereby attenuating nuclear and cytoplasmic levels of β-catenin. Concomitantly, BC2059 treatment inhibited the expression of TCF4/ LEF1 target genes and induced apoptosis of cultured and primary AML BPCs. Importantly, BC2059 treatment also exerted potent in vivo anti-AML activity against xenografts of cultured and primary AML BPCs in immunocompromised mice. Our findings also demonstrate that co-treatment with BC2059 and the pan-HDAC inhibitor panobinostat (PS) exerted synergistic in vitro lethality against cultured and patient-derived primary AML BPCs and significantly improved the survival of immune-depleted mice engrafted with primary AML BPCs.
MATERIALS AND METHODS
Detailed experimental procedures are provided in the Supplementary Experimental Methods.
Reagents and antibodies
β-Catenin antagonist, BC2059 was kindly provided by β-Cat Pharmaceuticals (Gaithersburg, MD, USA). PS was kindly provided by Novartis Pharmaceuticals (Basel, Switzerland). Chemical structures are provided in Supplementary Figure 1 . All antibodies were obtained from commercial sources.
Cell lines and cell culture HL-60 and MV-411 cells were obtained from the American Type Culture Collection and maintained, as previously described. 35, 36 OCI-AML3 and MOLM13 cells were obtained from the German Collection of Microorganisms and Cell Cultures and maintained as previously described. 37, 38 Primary AML blasts Primary AML samples and normal CD34+ mononuclear cells were obtained with informed consent in accordance with the Declaration of Helsinki. Peripheral blood and/or bone marrow aspirate samples were collected and separated for mononuclear cells by Ficoll-Hypaque density gradient centrifugation as previously described. 37, 38 Banked, de-linked and deidentified, normal or AML CD34+ or AML CD34+CD38-LIN-bone marrow progenitor/stem cells were purified, as previously described. 38, 39 Assessment of apoptosis Apoptosis of BC2059-treated cells was assessed as previously described. 36, 37 Sodium dodecyl sulfate polyacrylamide gel electrophoresis and immunoblot analyses Seventy-five micrograms of total cell lysate from the AML cells was used for sodium dodecyl sulfate polyacrylamide gel electrophoresis following treatment with BC2059 and/or PS. Western blot analyses were performed on total cell lysates using specific antisera or monoclonal antibodies. Immunoblot analyses were performed at least twice, and representative blots were subjected to densitometric analysis. Densitometry was performed using ImageQuant 5.2 (GE Healthcare, Piscataway, NJ, USA). [35] [36] [37] [38] Immunoprecipitation Immunoprecipitations were performed as previously described. 40 
In vivo model of AML
In vivo studies performed in the non-obese diabetic/severe combined immunodeficiency (NOD/SCID) and NOD/SCID gamma (NSG) mice 41, 42 are described in the Supplementary Experimental Methods.
Gene expression microarray (GEM) analysis
Full description of processing and analysis of expression array data are described in the Supplementary Methods. All microarray data used in this manuscript are deposited in the Gene Expression Omnibus under GEO accession number (GSE61275).
Statistical analysis
Significant differences between values obtained in a population of AML cells treated with different experimental conditions were determined using a two-tailed paired t-test or a one-way analysis of variance within Microsoft Excel 2010 software or using GraphPad Prism (GraphPad Software, Inc., San Diego, CA, USA). Statistical differences in the survival of the mice treated with BC2059 were determined by log-rank (Mantel-Cox) test. P-values of o0.05 were assigned significance.
RESULTS
Treatment with BC2059 induces cell cycle growth arrest and apoptosis of cultured and primary AML cells with and without expression of FLT3-ITD We first determined the effects of treatment with BC2059 on the cell cycle status in the cultured OCI-AML3 AML cells. As shown in Figure 1a and Supplementary Figure 2A Figure 3A ). We had previously reported the creation of OCI-AML3/FLT3-ITD cells with ectopic mRNA and protein expression of FLT3-ITD. 37 Here, we determined that the treatment with BC2059 induced dose-dependently and significantly more apoptosis of OCI-AML3/FLT-ITD versus OCI-AML3 cells ( Figure 1c ). We also compared the efficacy of BC2059 in inducing loss of viability in the CD34+ primary AML BPCs versus the CD34+ normal bone marrow progenitor cells. As shown in Figure 1d and Supplementary Figure 2E , BC2059 dose-dependently induced significantly more lethality in the CD34+ primary AML BPCs, regardless of the expression of FLT3-ITD, than in the normal CD34+ normal bone marrow progenitor cells. We next determined the lethal effects of BC2059 on the primary purified AML stem/progenitor cells. As shown, treatment with BC2059 also dose-dependently induced loss of viability in three samples of primary CD34+ CD38-Lin-AML stem/progenitor cells of which two expressed FLT3-ITD ( Figure 1e ).
Treatment with BC2059 disrupts the binding of β-catenin and TBL1 in AML cells Binding of TBL1 to β-catenin and its subsequent co-recruitment with TCF4/LEF1 to the target gene promoters is essential for activating their gene transcription. To elucidate the mechanism of activity of BC2059, we next determined the effects of BC2059 treatment on the association of β-catenin and TBL1 in AML cells. The co-immunoprecipitation data presented in Figures 2a and b show that the treatment with BC2059 inhibits the binding of β-catenin to TBL1 in cultured AML HL-60 and OCI-AML3 cells, as well as in the primary AML BPCs with or without the expression of FLT3-ITD. Colocalization of β-catenin and TBL1 in the nucleus of OCI-AML3 cells was also determined by utilizing confocal immunofluorescence microscopy. Figure 2c shows that in untreated OCI-AML3 cells, β-catenin (green) and TBL1 (red) are colocalized in the nucleus, as demonstrated by the overlap in their fluorescent signals (orange). Similar effects were also observed in the FLT3-ITD-expressing MV4-11 cells (Supplementary Figure 4A) . Treatment with BC2059 also variably attenuated the levels of β-catenin and its colocalization with TBL1 in the nucleus of AML cells, whereas the expression levels and localization of TBL1 were not altered ( Figure 2c and Supplementary Figure 4A ). These findings are consistent with BC2059-mediated apoptosis shown in Figure 1b (cultured AML cells). BC2059-mediated inhibition of TBL1 binding to β-catenin and the attenuation in β-catenin levels occurred through proteasomal degradation, as co-treatment with the proteasome inhibitor carfilzomib restored (near complete) the levels of β-catenin in the AML cells ( Figure 2d ). Treatment with BC2059 selectively targeted β-catenin for degradation by the proteasome, as the levels of c-RAF, which is known to be degraded by the proteasome, was not depleted by treatment with BC2059 ( Figure 2d ).
Treatment with BC2059 reduces β-catenin occupancy at the target gene promoters and inhibits the expression of genes with WNT response elements in AML cells As β-catenin is known to interact with TCF4/LEF1 at the promoters of Wnt-target genes to activate their transcription, we next Figure 2 . Treatment with BC2059 disrupts the binding of β-catenin to TBL1 leading to proteasomal degradation of β-catenin in AML cells (a) HL-60 and OCI-AML3 cells were treated with the indicated concentrations of BC2059 for 8 h. After treatment, cells were harvested, cell lysates were prepared and TBL1 or β-catenin was immunoprecipitated from the lysates. Immunoblot analyses were conducted for the expression levels of β-catenin and TBL1 in the immunoprecipitates. (b) Primary FLT3-ITD-expressing and FLT3 wild-type AML cells were treated with the indicated concentrations of BC2059 for 8 h. Following this, cells were harvested, cell lysates were prepared and TBL1 was immunoprecipitated from the lysates. Immunoblot analyses were conducted for the expression levels of β-catenin and TBL1 in the immunoprecipitates. (c) OCI-AML3 cells were treated with the indicated concentration of BC2059 for 16 h. At the end of treatment, cells were cytospun onto glass slides, fixed, permeabilized, blocked with 3% BSA/PBS, and incubated with anti-β-catenin and anti-TBL1 antibodies. Cells were washed and incubated with secondary antibodies conjugated to Alexa 488 (green) and Alexa 555 (red). Nuclei were stained with DAPI. Cells were imaged under oil at × 63 using a Zeiss LSM 510 META confocal microscope. Images were processed utilizing LSM Browser (Zeiss). Scale bar indicates 10 μm. (d) OCI-AML3 and HL-60 cells were treated with the indicated concentrations of BC2059 and/or the proteasome inhibitor, carfilzomib for 8 h. Then, cells were harvested and total cell lysates were prepared. Immunoblot analyses were conducted for the expression levels of β-catenin, c-RAF and β-actin in the lysates. c-MYC p21 cells (P o0.05). Consistent with this, the quantitative polymerase chain reaction analyses of the Wnt-target gene expressions showed that BC2059 treatment attenuated the mRNA expression of c-MYC, Cyclin D1 and survivin in OCI-AML3 cells and (Figure 3c and Supplementary Figure 5A ). The attenuating effect of BC2059 on c-MYC and survivin expression in MV4-11 cells is also shown in the Supplementary Figure 5B . Recently, β-catenin signaling has also been shown to directly regulate the expression of human telomerase and CD44 genes. 43, 44 Treatment with BC2059 also reduced the mRNA levels of human telomerase and CD44 in AML cells ( Supplementary Figures 5A and B) . In contrast, BC2059 treatment concomitantly upregulated the mRNA expression of p21, which is known to be repressed by c-MYC (Figure 3c and Supplementary Figures 5C and D) . 38 We next determined the alterations in the mRNA levels in AML cells through GEM analysis. Following treatment of OCI-AML3 cells with BC2059 for 8 h, the heat map of the gene expression alterations is shown in Figure 3d . Treatment with BC2059 upregulated the mRNA expression of more genes, as compared with the number of genes whose mRNA expression was downregulated by BC2059 ( Figure 3d ). The foldchange in the most altered mRNA expressions is shown in Supplementary Tables 1 and 2. Data sets of genes with the altered expression profile derived from the GEM analyses were imported into the Ingenuity Pathway Analysis Tool (Ingenuity H Systems, Redwood City, CA, USA). Within this gene list, Ingenuity Pathway Analysis identified the top four most perturbed gene networks in OCI-AML3 cells following treatment with BC2059 and assigned a score for these associated network functions (Supplementary Table 3 ). The score (that is, a score of 31) assigned by the Ingenuity Pathway Analysis indicates the probability (1 in 10 −31 ) that the focus-genes in the data set are grouped together in a perturbed network owing to random chance alone. Next, total RNA from the untreated and BC2059-treated OCI-AML3 and MV4-11 cells used for the GEM analysis was also reverse transcribed and the resulting cDNA was used for quantitative PCR analysis, utilizing c-MYC, Cyclin D1, survivin and human telomerase-specific TaqMan realtime PCR probes. Quantitative polymerase chain reaction analyses of the gene expressions showed that BC2059 treatment attenuated the mRNA expression of β-catenin target genes c-MYC, Cyclin D1, survivin and human telomerase in the OCI-AML3 cells (Figure 3d and Supplementary Figures 5A and B) . In contrast, BC2059 treatment concomitantly upregulated the mRNA expression of p21 in AML cells ( Supplementary Figures 5C and D) .
Treatment with BC2059 depletes β-catenin expression levels and nuclear localization in cultured and primary AML cells
We next determined the effects of treatment with BC2059 on the protein expression of β-catenin in AML cells. As shown in Figure 4a , exposure to BC2059 depleted the levels of β-catenin and its target genes, including c-MYC and survivin without affecting the levels of the TBL1 in OCI-AML3, HL-60 and MV4-11 cells. Following BC2059 treatment, variable depletion of the protein levels of β-catenin and its target genes were also observed in the BPCs from four primary AML samples (Figure 4b ) and a larger cohort of primary AML samples (Figure 4c ). Treatment with BC2059 was also associated with the induction of all three isoforms of BCL2-Like 11 (apoptosis facilitator) and p27, with modest depletion in the levels of MCL1 in the AML cells ( Supplementary Figures 3B-D) . As for the cultured OCI-AML3 cells (Figure 2c ), we next determined whether treatment with BC2059 affected the nuclear localization of β-catenin in primary AML BPCs. Figure 4d and Supplementary Figures 4B-D show that CD34+ primary AML BPCs exhibit appreciably high levels of β-catenin in the nucleus and cytoplasm. In addition, treatment with BC2059 markedly attenuated the nuclear and cytosolic levels of β-catenin in the representative primary AML BPCs (Figure 4c and Supplementary Figures 4B-D) . These findings are also consistent with BC2059-mediated apoptosis of primary AML progenitor cells shown in Figure 1d .
Co-treatment with BC2059 and a pan-HDAC inhibitor exerts synergistic anti-AML activity against cultured and primary AML cells
We have previously demonstrated the anti-AML activity of the pan-HDAC inhibitor PS against cultured and primary AML cells. 35, 36, 38, 39 As TBL1 is bound to and involved with the core NCoR/SMRT complex that also includes HDAC activity, we next determined whether simultaneous inhibition of TBL1-β-catenin binding by BC2059 and of TBL1-SMRT/NCoR/HDAC complex by co-treatment with PS would exert superior anti-AML activity.
As shown in Supplementary Figures 6A and B , co-treatment with 5 or 10 nM of PS significantly enhanced apoptosis induced by BC2059 (20 or 50 nM) in OCI-AML3, HL-60, MOLM13, MV4-11 cells. In addition, combined therapy with PS and BC2059 synergistically induced apoptosis of HL-60, OCI-AML3 and MV4-11 cells, with combination indices o1.0, as determined by isobologram analysis (Figure 5a, and Supplementary Figure 6C ). Utilizing both immunoblot and immunofluorescence analyses, we also noted that the treatment with PS also dose-dependently attenuated the levels of TBL1 in OCI-AML3 and HL-60 cells (Figure 5b and Supplementary Figure 7A and B) , which has been previously reported to independently induce lethality in the transformed cells. 30 Treatment with PS also concomitantly reduced the levels of β-catenin in these cells, which was also associated with depletion of the levels of c-MYC and survivin (Figures 5b and c) . Notably, as compared with treatment with each agent alone, co-treatment with PS and BC2059 caused greater depletion of TBL1, β-catenin, c-MYC and survivin levels in the AML cells (Figure 5c ). We next determined whether co-treatment with PS also enhanced the anti-AML activity of BC2059 against primary AML BPCs. As shown in Figure 6a , co-treatment with 10 or 20 nM of PS significantly increased the apoptosis induced by BC2059 in the CD34+ primary AML BPCs, regardless of the expression of FLT3-ITD. In addition, co-treatment with PS and BC2059 synergistically induced apoptosis in two primary AML BPCs expressing FLT3-ITD, with combination indices o1.0, as determined by isobologram analysis (Figure 6b , and Supplementary Figure 8 the combination indices were lower in AML#1 versus AML#2 ( Supplementary Figure 8) . The superior activity of the combination versus each drug alone was associated with greater depletion of β-catenin, c-MYC and survivin but greater induction of BCL2-Like 11 (apoptosis facilitator) in the two samples of primary AML progenitor cells (Figure 6c ). We next determined the lethal effects of BC2059 and/or PS against purified CD34+CD38-Lin-primary AML stem/progenitor cells versus CD34+ normal bone marrow progenitor cells. Figure 6d demonstrates that treatment with either BC2059 or PS alone induced more loss of cell viability of the primary AML stem/progenitor versus normal progenitor cells (P o 0.05). Furthermore, co-treatment with the combination was significantly more lethal against primary AML stem/progenitor versus normal progenitor cells (P o0.01) (Figure 6d ).
Treatment with BC2059 exerts significant in vivo activity against established AML xenografts in immunocompromised mice We next determined the in vivo anti-AML activity of BC2059 against the OCI-AML3 AML xenografts engrafted in the bone marrow of the NOD/SCID mice. Following the tail vein infusion and engraftment of OCI-AML3 cells in the bone marrow of the NOD/ SCID mice, the anti-AML effects and the survival improvement due to treatment with 10, 5.0 or 10.0 mg/kg dose level of BC2059 administered for 3 weeks was compared with the effects of the treatment with the vehicle alone. The Kaplan-Meier plot depicting the survival of mice demonstrated that, as compared with treatment with the vehicle alone, treatment with BC2059 at 1.0 or 5.0 mg/kg per day significantly improved the median survival of the mice from~17.5-39 days (P o0.001), whereas treatment with 10 mg/kg per day of BC2059 alone further improved the median survival to 51.5 days (P o 0.0001) (Figure 7a ). In addition, whereas treatment with 5.0 mg/kg per day of PS alone versus treatment with vehicle control also improved the median survival to 39 days (P o0.001), co-treatment with BC2059 and PS versus treatment with vehicle control alone yielded the most improvement in the survival of the mice (median survival of 69 days) (P o 0.0005) (Figure 7b) . In a separate model, we tested the in vivo activity of BC2059 against FLT3-ITD-expressing primary AML BPCs engrafted into NSG mice. Following engraftment, mice were treated with 10 mg/kg per day of BC2059, as noted above for 3 weeks. Figure 7c shows that compared with the treatment with vehicle control, BC2059 treatment significantly improved the median survival of NSG mice infused with the primary AML BPCs (P = 0.0018). As shown in Figure 7d , either treatment with BC2059 or PS alone for 3 weeks significantly improved the median survival of the mice, as compared with mice treated with vehicle control (P o 0.01). Notably, combined therapy with BC2059 and PS was superior to the treatment with BC2059 or PS alone in improving the median survival of the mice (91 versus 75 and 56 days, respectively) (P o0.01), with 50% of the mice surviving 4100 days after the engraftment of AML BPCs in the mice. This plateau in the survival curve suggests a potentially curative impact of the combination on the survival of the mice (Figure 7d ).
DISCUSSION
Multiple mechanisms, noted above, are known to potentially either inhibit its phospho-degron or directly increase the stability of β-catenin in AML BPCs. [16] [17] [18] [19] [21] [22] [23] [24] This is associated with increased nuclear localization and transcriptional co-factor activity of β-catenin in AML stem/BPCs. Therefore, targeted depletion of β-catenin remains an important therapeutic goal for eliminating AML stem/BPCs. We show here for the first time that the novel agent BC2059 disrupts the binding of β-catenin with the scaffold protein TBL1 and promotes the proteasomal degradation and attenuation of the nuclear and cytoplasmic levels of β-catenin. This was confirmed both by immunofluorescence analyses and the specific antibody pull-down assays. Our findings also confirmed that targeted depletion of the nuclear levels β-catenin effectively attenuated transcriptional activity of TCF4, thereby depleting the levels of the TCF4 target genes, including c-MYC, cyclin D1 and survivin, whereas concomitantly upregulating the growth inhibitory p21 in the AML BPCs. In addition, BC2059 treatment upregulated the levels of the pro-apoptotic proteins p27 and BCL2-Like 11 (apoptosis facilitator) in the cultured and primary BPCs. Accordingly, following BC2059 treatment, more growth inhibition and significantly greater loss of viability of the cultured and primary AML BPCs versus the normal CD34+ bone marrow progenitor cells was observed. This relative selectivity of action against AML stem/BPCs highlights the greater dependency of BPCs in myeloid leukemia on the β-catenin-TCF4-regulated transcriptome and possible differential effect on the nuclear βcatenin levels. [2] [3] [4] [5] [6] 20, [43] [44] [45] [46] In this context, it is also important to note that it is the fold-change, not absolute amount, in β-catenin that determines the intensity of Wnt signaling. 47 Although not the focus of the present studies, β-catenin is known to associate with Hes1, NICD (Notch intracellular domain) and YAP1 (YES associated protein 1), as well as stabilize Gli1, which points to a potentially central role for β-catenin in regulating the stem cell transcriptome through Wnt, Hedgehog, Notch and Hippo pathways. [48] [49] [50] [51] This transcriptome, among other gene expressions, also includes c-MYC, cyclin D1 and survivin, which were downregulated following the treatment of AML BPCs with BC2059. The GEM analysis and Ingenuity Pathway Analysis demonstrated that BC2059 treatment especially perturbed the expression of the genes involved in the network for cellular movement, hematological system development and function and of immune cell trafficking. Interestingly, among the gene expressions induced several-fold were NAMPT (nicotinamide phosphoribosyltransferase), which is an essential enzyme mediating granulocyte colonystimulating factor (G-CSF)-triggered granulopoiesis, 52 as well as RGS1 (regulator of G-protein signaling 1). RGS1 is a GTPase activator protein that markedly increases the intrinsic Gα subunit's GTPase activity, thereby promoting hetrotrimeric G-protein complex formation and inhibition of G-protein coupled receptor signaling. 53 Whether abrogation of the induction of NAMPT and RGS1 would significantly attenuate the anti-AML BPC activity of BC2059, thereby establishing their mechanistic role in mediating BC2059 lethality, remains to be determined. AML stem/BPCs that express gain-of-function FLT3-(ITD mutations and/or FLT3-TK domain (TKD) mutations attain through multiple mechanisms increased nuclear localization of β-catenin and dependency on β-catenin-TCF4-regulated transcriptome. 17, 18, 22 Our findings demonstrate that BC2059 dose-dependently induced significantly more apoptosis of the cultured OCI-AML3/FLT3-ITD cells, with ectopic overexpression of FLT3-ITD, versus the OCI-AML3 cells lacking FLT3-ITD expression. Consistent with this, BC2059 dose-dependently also induced slightly more apoptosis in samples of CD34+ AML BPCs expressing FLT3-ITD, as compared with those lacking FLT3-ITD expression. This may be due to the expression and function of genes other than mutant FLT3 that govern growth and survival of AML BPCs. Importantly, BC2059 also exerted lethal activity against the CD34+ CD38 − Lin-primary AML stem/progenitor cells expressing FLT3-ITD. Together these in vitro data are also consistent with and support our in vivo findings, demonstrating that even a short-term treatment over 3 weeks with BC2059 significantly improved the survival of immunodeficient mice engrafted with either cultured AML cells or with primary AML BPCs expressing FLT3-ITD. Recently, an activating mutation and nuclear localization of β-catenin was shown to be associated with increased transcriptional upregulation of the Notch ligand Jagged1 in the mouse bone marrow osteoblasts, which was pathogenetically involved with the activated Notch signaling and leukemic transformation in the hematopoietic stem/ progenitor cells. 54 These observations support and highlight the potential therapeutic implications of the observed pre-clinical in vivo anti-AML efficacy of BC2059 in the mouse model of primary AML BPCs.
Clinically achievable low nanomolar levels of PS are known to inhibit the class I HDACs. 55 We have previously reported on the pre-clinical efficacy of PS against AML BPCs, including those expressing FLT-ITD. 35, 36, 38 Extending this, findings presented here also validate that simultaneous inhibition of TBL1-β-catenin binding by BC2059 and of TBL1-SMRT/NCoR/HDAC complex by co-treatment with PS results in superior anti-AML efficacy of the combination of PS and BC2059. Data presented also show that PS treatment attenuates the levels of TBL1, which may further assist in abrogating the association of TBL1 with β-catenin in the cultured and primary AML BPCs. Notably, co-treatment with BC2059 and PS was associated with greater depletion of β-catenin, c-MYC and survivin, whereas concomitantly inducing higher levels of BCL2-Like 11 (apoptosis facilitator). Taken together, these findings could potentially account for the synergistic lethal effects of co-treatment with BC2059 and PS against cultured and primary AML BPCs. The selective in vitro lethality of the combination was especially evident against the immunophenotypically characterized AML stem versus normal bone marrow progenitor cells. Notably, and consistent with this, the combination was significantly superior than the treatment with each agent alone in improving not only the median survival of the mice engrafted with primary AML BPCs expressing FLT3-ITD, with 50% surviving 4100 days after AML engraftment, but also in producing a plateau in the survival curve. This highlights the possibility that, if the treatment with the combination of BC2059 and PS was administered for longer intervals, it could potentially result in a long-term disease-free survival of the mice engrafted with an aggressive subtype of AML expressing FLT3-ITD. Collectively, combined with the reported observations, our findings presented here underscore the rationale for pre-clinically testing the combination of BC2059 and the novel and effective FLT3 antagonists such as quizartinib and crenolinib against AML stem/BPCs expressing FLT3-ITD. 56, 57 
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